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Edited by Frances ShannonAbstract The present study provides the ﬁrst evidence that the
abundance of catalytic a1-subunit of Na,K-ATPase increases in
the course of T cell blast transformation. Immunodepressant
cyclosporin A at anti-proliferative doses diminished the induction
of a1 protein in activated lymphocytes. Furthermore, in compe-
tent T cells, IL-2 increases both the transport activity of Na/K
pump and the content of Na,K-ATPase a1 protein in a time-
dependent manner. A correlation was found between the long-
term elevation in ouabain-sensitive Rb inﬂuxes and the increase
in a1 protein content in late activated T cells. These results sug-
gest that (1) the increased expression of Na,K-ATPase proteins
underlie the cell cycle-dependent upregulation of ion pump during
T cell transformation, and (2) IL-2 is involved in the regulated
expression of Na,K-ATPase in human lymphocytes.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Na,K-ATPase, the major membrane ion-translocating
pump, plays the key role in cellular ion homeostasis. In cells,
hormones and various stressors are able to regulate the pump
activity in a tissue-speciﬁc manner by short-term or long-term
mechanisms [1–4]. The short-term regulation of the pump in-
volves changes in its turnover, its aﬃnity for substrates, as well
as increased or decreased content on the cell surface through
rapid translocations of pump units between plasma membrane
and intracellular compartments. The long-term regulation of
Na,K-ATPase includes transcriptional activation, translation,
and protein stability. Thyroid hormone, aldosterone, insulin
have been shown to regulate the transcriptional rate of the
pump in cells [1,5,6].
Speciﬁc growth factors and cytokines initiating cell prolifer-
ation in resting cells also increase activity of the main mem-
brane-associated transporters, including the Na/K pump,
Na/H exchanger, and K/Na/2Cl cotransporter [7–10]. Like in
the case of hormones, rapid changes of ion transport in re-
sponse to growth-promoting factors are mostly mediated by
short-term, non-genomic mechanisms. Besides, in mitogen-in-
duced cell cultures a long-term, sustained increase in ﬂuxes
via the Na/K pump was found to occur during the transition
phase from quiescence (G0) to proliferation [11–14]. We have*Corresponding author. Fax: +7 812 2470341.
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(HBLs) stimulated by the mitogenic lectin phytohemagglutinin
(PHA), a long-term increase in ouabain-sensitive K inﬂuxes is
temporally associated with cell enlargement [15,16]. Moreover,
the growth-associated regulation of the pump is dependent on
both protein synthesis and PHA-induced transcription [15].
Although underlying mechanisms and signalling pathways
leading to the functional expression of the ion pump during
blast transformation have not been established, it is suggested
that the sustained increase in K inﬂuxes might be an essential
factor for the cell proliferation and the normal development of
the immune response of T cells. Indeed, ouabain, a speciﬁc
inhibitor of Na,K-ATPase, at concentrations inhibiting the
ion pump prevents in a reversible manner the PHA-induced
proliferation of HBLs and blocks progression from the G1 to
the S phase [17–19]. It was reported that low doses of ouabain
inhibit expression of the high-aﬃnity receptor for interleukin-2
(IL-2R) [20]. Ouabain may induce apoptosis in PHA-activated
lymphocytes [21].
The goal of this study was to characterize the long-term reg-
ulation of Na/K pump during cell transit from quiescence to
proliferation. The primary T lymphocytes provide a useful
model for the study of proliferation-related ionic events. The
rate of G0/G1/S transit, the expression of high-aﬃnity IL-2R
and the cell enlargement were determined in parallel with the
measurements of both the pump-mediated Rb uptakes and
the abundance of catalytic a1-subunit of Na,K-ATPase. We
demonstrate that in activated HBLs (1) the sustained, en-
hanced ﬂuxes via Na/K pump are closely associated with the
IL-2-dependent cell cycle progression, and (2) proliferation-re-
lated upregulation of Na/K pump is due to the increased
expression of Na,K-ATPase proteins.2. Materials and methods
HBLs were obtained from fresh venous blood by Lymphosep (MP
BIOmedicals, LLC) gradient centrifugation (1.077 g/ml, 400 g), as de-
scribed previously [15]. After depletion of adherent cells on plastic bot-
tles, isolated HBLs were incubated overnight in RPMI-1640 medium
with heat-inactivated AB IV Rh(+) human serum (5%) in CO2–air
(5–95%) atmosphere at 37 C without antibiotics. The next day the cell
suspension (1.5 · 106 cells/ml) was placed into vials, and mitogens were
added to the cultures. Lymphocytes of one donor (up to
400 · 106 cells) were used in each experiment. Human T cells Jurkat
were maintained in continuous culture in RPMI medium in the pres-
ence of 10% fetal serum (Biolot, Russia).
K inﬂuxes mediated by Na/K pump were assayed by measuring the
ouabain-inhibited uptake of Rb [15,22]. To measure the Rb uptake,
vials with cell suspensions were taken at deﬁnite time points through-
out the experiment, and RbCl (ﬁnal concentration 2.5 mM) was added
alone or with 104 M ouabain (Sigma) to inhibit the Na/K pump.
After 30 min incubation with these additions at 37 C in CO2–airblished by Elsevier B.V. All rights reserved.
Fig. 1. Time course of ouabain-sensitive Rb inﬂux (A) and total
protein content and cell proliferation (B) during human lymphocyte
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5 min and the pellets were rapidly rinsed 5 times with cold isotonic
MgCl2 saline without dispersion. The cell pellets were treated with
1 ml of 1% trichloroacetic acid (TCA) and TCA extracts were analyzed
for Rb and Na by emission ﬂame photometry. TCA precipitates were
dissolved in 0.1 N NaOH and analyzed for protein by Lowry proce-
dure. Ouabain-sensitive Rb uptakes were calculated as the diﬀerences
between the mean values measured in samples incubated with and
without inhibitor. The intracellular ion content was expressed as
amount of ions per amount of protein in each sample analyzed.
The Na,K-ATPase a1-subunit was determined by Western blot anal-
ysis of crude membrane fractions obtained from HBLs and human T
cells Jurkat. All manipulations and solutions were at 4 C and all the
reagents used were from Sigma. HBLs (30–40 · 106 cells per one sam-
ple) were washed with PBS, homogenized in TES buﬀer (0.25 M su-
crose, 1 mM EDTA, 10 mM TEA, pH 7.4) with 1 mM PMSF, 2 mM
NaF, 1 mM Na3VO4 and leupeptin, aprotinin, pepstatin (1 lg/ml),
centrifuged at 7000 · g for 10 min and the subsequent supernatant
was centrifuged at 100 000 · g for 60 min. The resulting pellet was
resuspended in 100 ll of lysis buﬀer TBS (20 mM Tris–HCl, pH 7.4,
150 mM NaCl, 1% (v/v) Triton X-100), stored on ice for 1 h, and cen-
trifuged at 7000 · g for 15 min. The supernatant was quantiﬁed using a
Bradford technique. 50–70 lg of protein (diluted in Laemmli buﬀer:
60 mM Tris, pH 6.8, 10% glycerol, 2% SDS, 100 mM DTT, 0.01%
bromphenol blue) were separated by SDS/PAGE on 7.5% polyacryl-
amide gels. Then proteins were transferred to nitrocellulose mem-
branes (Hybond-ECL, Amersham). The membranes were blocked
for 1 h by 7.5% dry milk in T-TBS (0.05% Tween 20 in TBS) and incu-
bated with monoclonal anti-Na,K-ATPase a1-subunit antibodies a6F
(a kind gift from Professor D. Fambrough, Baltimore, MD, USA) at
1:400 dilution overnight at 4 C. After incubation with primary anti-
bodies, the blots were rinsed 5 times with washing buﬀer T-TBS and
incubated with horseradish peroxidase-conjugated goat anti-rabbit sec-
ondary antibodies (1:20 000, Sigma) for 1 h at room temperature. The
blots were rinsed 5 times with the washing buﬀer prior to chemilumi-
nescent detection (ECL, Amersham). The resulting protein bands were
densitometrically scanned by ARCUS 11 (AGFA). For every lane,
baselines were subtracted from the lane proﬁle prior to calculating
the volume in each line. The Baseline menu permits to select how the
baselines for each lane are calculated. Therefore, the densitometric val-
ues for each band were obtained after the backgrounds were sub-
tracted.
To evaluate the rate of the G0/G1/S transition in HBLs culture,
DNA content was determined by staining cells with propidium iodide
(Sigma) and measuring ﬂuorescence. Flow cytometry analysis of cell
cycle was performed using an ODAM ATC-3000 ﬂow sorter-analyser
(Bruker). The analysis rate was 400–600 cells/s. The total of 15 000–
20 000 cells were analyzed in each sample. Cells were classiﬁed as in
G0/G1, S and G2/M. List mode ﬁles were analyzed with ModFit 2.0
(Verity Software House, Inc., Topsham, ME, USA). To examine the
presence of high-aﬃnity receptor for IL-2 (IL-2R), HBLs were ana-
lyzed using a FACScan ﬂow cytometer (Becton Dickinson) set up to
measure forward (FSC) and sideward (SSC) light scatter and FITC
ﬂuorescence. HBLs (106 cells/ml) were stained with FITC-coupled
CD25 monoclonal antibodies (Immunotech) at room temperature for
20 min. The FITC-coupled CD25 antibodies were used as cell surface
markers of the a-chain, an indispensable component of the high-aﬃn-
ity IL-2R in cell membrane. The T cell dimensions during G0/G1/S
transit were determined by microscopic studies of HBL preparations.
The cell suspension (3 · 106 cells/ml) was analyzed using a Mikomed
microscope (LOMO, St. Petersburg) and size measurements were made
with IMAGEY 1/26t (NIH, Bethesda).activation. Isolated HBLs were incubated with PHA (10 lg/ml, ﬁlled
squares), PDBu (10 ng, open circles), ionomycin (IM, 500 nM, open
squares), PDBu and IM (ﬁlled circles), submitogenic PHA (0.8 lg/ml,
open triangles up) for 48 h or with submitogenic PHA for 24 h and
then IL-2 (100 U/ml) was added to the culture medium for the next
48 h (ﬁlled triangles up). At the deﬁnite time points, the ouabain-
sensitive Rb inﬂuxes were determined as Rb uptake for 30 min at
2.5 mM RbCl with or without ouabain (104 M) as described in
Section 2. In the same cultures, the cell protein content and the number
of cells in S, G2 and M phases were determined as described in Section
2. The ﬂuxes were normalized per total cell protein. The values
presented are means ± S.E. (P 6 0.05) of 11 (PHA10), 10
(PDBu + IM) and 12 (PHA0.8 + IL-2) independent experiments,
determined in triplicate for each time point in each experiment.3. Results
3.1. Time-dependent activation of Rb inﬂuxes by PHA, PDBu
and ionomycin
In accordance with our previous data [15], in normal HBLs,
PHA (10 lg/ml) induced a time-dependent increase in the oua-
bain-sensitive Rb inﬂux: after an initial rise (0.5–2 h), Rb ﬂux
remained unchanged for up to 16 h and thereafter began sub-
stantially to increase to a maximum value at 48 h (Fig. 1A). Innormal HBLs, calcium ionophores and phorbol esters are
capable of triggering two intracellular signalling events (cal-
cium signal and protein kinase C activation) that are suﬃcient
to activate the nuclear factor of activated T-cells (NFAT), to
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sion [23,24]. In our experiments, PDBu (10 nM) and ionomy-
cin (500 nM) were able to induce proliferation in resting
HBLs (Fig. 1B). As with PHA, in the presence of PDBu and
ionomycin an early rapid increase of the ouabain-sensitive
Rb inﬂux was followed by a sustained ﬂux elevation after
16 h (Fig. 1A). In (PDBu + ionomycin)-stimulated HBLs, the
delayed increase in the pump-mediated Rb inﬂux was faster
and at 48 h the maximal pump ﬂux was higher –
74.7 ± 4.4 lmol/g, 30 min (n = 10, P 6 0.05), as compared with
64.2 ± 4.8 lmol/g, 30 min (n = 11, P 6 0.05). When added sep-
arately, PDBu or ionomycin failed to induce the long-term
changes in the ouabain-sensitive Rb inﬂux (Fig. 1A).
Comparison of the cultures stimulated by PHA and
(PDBu + ionomycin) has revealed a correlation of the long-
term increase in the ouabain-sensitive Rb inﬂuxes with the
growth responses (as detected by an increase both in total cell
protein and in cell size) as well as with the rate of G0/G1/S tran-
sition: the elevation in pump-mediated transport accompaniedFig. 2. Proliferative response (A) and high-aﬃnity IL-2R expression (B) in no
(A) Representative results of ﬂuorescence-activated cell sorting (FACS) mea
examined for DNA content using propidium iodine staining as described in S
The data were obtained in parallel batches of cells from the same donor as in (
PHA (a, d) or mitogenic (10 lg/ml) PHA (c, f) for 48 h, and for HBLs, activa
ml) for the next 24 h (b, e). The values above the diagrams represent the perc
experiment of eleven.transformation of small normal T cells into blasts and pre-
ceded the S phase (Fig. 1).
3.2. Enhanced ouabain-sensitive Rb inﬂuxes in IL-2-activated
HBLs
To identify precisely the stage of lymphocyte activation,
when pump enhancement takes place, we separate experimen-
tally the complex response of mitogen-induced HBLs into two
phases: the competence induction phase (the G0/G1 transition),
when T cells become competent to express the high-aﬃnity IL-
2R, and the IL-2-driven progression phase [25]. The compe-
tence induction was achieved by submitogenic PHA (0.8 lg/
ml, 24 h). As shown in Fig. 2, in competent HBLs, the exoge-
nous IL-2 (100 U/ml) induced both the cell cycle progression
and the cell surface expression of a-subunit of IL-2R (as de-
tected by increasing number of CD25+ cells in lymphocyte
population). Besides, the microscopic studies showed that in
IL-2-stimulated cultures, the diameter of cells increased from
7.6 ± 0.3 lm (n = 20, P 6 0.05) to 12.9 ± 0.8 lm (n = 24,rmal HBLs activated by PHA or in competent HBLs activated by IL-2.
surements on HBLs from one donor. Cells in stimulated cultures were
ection 2. (B) The number of CD25+ cells in culture of activated HBLs.
A). Data are presented for HBLs activated by submitogenic (0.8 lg/ml)
ted by submitogenic PHA for 24 h and then stimulated by IL-2 (100 U/
entage of (S + G2/M) cells (A) and CD25
+ cells (B). One representative
2776 I. Marakhova et al. / FEBS Letters 579 (2005) 2773–2780P 6 0.05) at 48 h and the calculated surface area of blasts in-
creased about 3 times. Thus, for two days of IL-2 action, small
lymphocytes grow into large blasts bearing the high-aﬃnity
IL-2R.
In competent HBLs, the exogenous IL-2 induced a sustained
increase in transport activity of pump. As shown in Fig. 1A, by
48 h of IL-2 action, the ouabain-sensitive Rb inﬂux reached a
maximum value of 55.5 ± 6.5 lmol/g, 30 (n = 12, P 6 0.05)
that was comparable with enhanced inﬂuxes in PHA-activated
HBLs, whereas with 0.8 lg/ml PHA alone, the ﬂux did not ex-
ceed 18.0 ± 2.5 lmol/g, 30 min (n = 14, P 6 0.05).
Both the long-term upregulation of pump and the S-phase
induction depend on the dose of IL-2. In one representative
experiment (out of three), by 48 h of competent HBLs cultiva-
tion with IL-2 at 20, 50 and 200 U/ml, the number of induced
(S + G2/M) cells was 14.5%, 23.5% and 50.3%, correspond-
ingly. In the same experiment and with the same IL-2 concen-
trations used, the maximal ouabain-sensitive Rb inﬂux
increased from 15.7 lmol/g, 30 in competent cells to 17.6,
30.6 and 50.8 lmol/g, 30, and the CD25+ cell population in-
creased from 8.5% to 10%, 26% and 45%, respectively. It
should be emphasized that in normal, resting HBLs IL-2 in-
duced no cell proliferation, neither long-term changes in
pump-mediated ﬂuxes (data not shown). Together, our ﬁnd-
ings indicate that in competent HBLs, the activity of Na/K
pump is regulated by the exogenous IL-2.
3.3. IL-2-dependent cell cycle progression is associated with the
elevated content of Na,K-ATPase a1-subunit
To answer the question, whether short-term regulatory
mechanism such as an increase of intracellular Na content
could be responsible for the IL-2-evoked elevation of Na/K
pump transport activity, we determined the changes of intra-
cellular Na content (Nai) during G0/G1/S transition. As in
the PHA-induced HBLs [15], in the course of IL-2-induced
progression Nai remains stable and low up to 48 h –
147 ± 21 (n = 3) and 153 ± 12 (n = 3) at 24 and 48 h of IL-2 ac-
tion, respectively (Table 1). Therefore, the sustained increase in
pump-mediated Rb inﬂux cannot be due to the elevation in
Nai. Besides, we use monensin, Na/H ionophore, to test the
pump sensitivity to Nai in late activated HBLs. Monensin
(10 lM) was administered during a short time (30 min) at late
time points of cell activation. A monensin-induced rise in Nai
was found to increase signiﬁcantly the ouabain-sensitive Rb in-
ﬂuxes both at 24 h and at 48 h of IL-2 action (Table 1). These
ﬁndings indicate that at late stages of cell cycle progression theTable 1
Eﬀect of intracellular Na content (Nai) on ouabain-sensitive Rb inﬂux in PH
Treatment Nai (lmol/g)
Monensin

Control (resting HBLs) 121 ± 4
PHA 0.8 lg/ml, 24 h (competent HBLs) 132 ± 11
(Competent HBLs + IL-2) 24 h 147 ± 21
(Competent HBLs + IL-2) 48 h 153 ± 12
Isolated HBLs were incubated for 24 h with submitogenic PHA (0.8 lg/ml), t
with IL-2 monensin (10 lM) was added 30 min before measurement of Rb u
with 24 h-PHA-preactivated cells. Ouabain-sensitive Rb inﬂuxes, Nai, prot
means ± S.E. of three independent experiments, determined in triplicate forpump remains capable of increasing its transport activity in re-
sponse to elevation in Nai. Thus, the IL-2-induced sustained
increase in ouabain-sensitive ﬂuxes can hardly be explained
by the stimulation of pre-existing pumps by the increased
internal substrate for Na,K-ATPase, such as Nai.
To ﬁnd out whether the long-term pump upregulation in
mitogen-induced HBLs takes place at the protein level, the
Na,K-ATPase a1-subunit expression was studied in activated
HBLs. There are no data available as to the expression of
Na,K-ATPase proteins in HBLs. It has been shown that a1-
subunit is predominantly expressed in human cells [26]. There-
fore, we probed the catalytic a1-subunit with monoclonal
Na,K-ATPase a1-subunit antibodies a6F. Western blot analy-
ses of a1-subunit in total cell lysates showed that the immuno-
reactive band that corresponds to a1 protein could hardly be
revealed both in resting and activated HBLs (Fig. 3A). The
band that corresponds to a1 protein was seen in blots of crude
membrane fraction. The membrane fraction was obtained
from the total cell lysate after high-speed centrifugation as de-
scribed in Section 2.
Time-course studies revealed that PHA did not aﬀect the
immunoreactive a1 protein level for the ﬁrst 5 h and increased
a1 protein abundance by the end of the ﬁrst day (Fig. 3). In
PHA-activated HBLs at 24 h, the relative increase in a1 pro-
tein level as assessed by scanning densitometry was
(252 ± 31)% (n = 6, P 6 0.05). An increased abundance in a1
protein was also observed in HBLs stimulated by a combina-
tion of PDBu and ionomycin (but not by PDBu alone) and
the a1 expression level in late activated HBLs was comparable
with its level in continuously proliferating T cells Jurkat (Fig.
4).
Submitogenic PHA (0.8 lg/ml, 24 h) did not increase the a1
protein abundance, whereas IL-2 increased signiﬁcantly the a1
protein content in PHA-preactivated cells at 24 and 48 h (Fig.
5). Thus, in competent HBLs, the expression level of Na,K-
ATPase a1-subunit is dependent on IL-2.
The relationship between the pump protein expression and
IL-2-induced proliferation was further investigated in experi-
ments using cyclosporin A (CsA) as an immunodepressive
drug. CsA is known to interfere with Ca2+-signalling cascade
in activated T cells, thus, preventing the transcription of the
nuclear factor of activated T cells (NFAT), which is required
for IL-2 expression, and induction of cell proliferation in nor-
mal T cells [27,28]. In our previous study, we used CsA as an
instrument to show that in PHA-stimulated HBLs, IL-2 is in-
volved in long-term pump activation [29]. In the present study,A-preactivated HBLs stimulated by IL-2
Rb inﬂux (lmol/g) 30 min
Monensin
+  +
14.8 ± 0.9
17.6 ± 1.2
474 ± 31 27.4 ± 3.1 58.3 ± 2.7
561 ± 41 47.7 ± 9.1 108.6 ± 13
hen stimulated by IL-2 (100 U/ml). Following 24 or 48 h of incubation
ptake and Nai. Resting HBLs were taken for analysis simultaneously
ein content were determined as described in Section 2. The data are
each time point in each experiment.
Fig. 3. Eﬀect of PHA on Na,K-ATPase a1-subunit amount and
ouabain-sensitive Rb uptake in HBLs activated by PHA. Isolated
HBLs, both resting and activated by PHA (10 lg/ml) alone for 5, 20 or
24 h or by PHA in the presence of CsA for 24 h, were washed with
PBS, homogenized and total cell lyzates or crude membrane fractions
were obtained as described in Section 2. A constant amount of protein
(75 lg/lane) was resolved by SDS–PAGE, blotted onto nitrocellulose
membrane and Na,K-ATPase a1-subunit immunoreactivity was
determined as described in Section 2. The parallel batches of cells
from the same donor were taken for Rb ﬂux determinations as
described in Section 2 and Fig. 1. The ﬂuxes were normalized per total
cell protein in each sample analyzed. (A) A representative Western blot
of cell lyzates and membrane fractions obtained from HBLs. (B)
Ouabain-sensitive Rb inﬂuxes (gray bars) and densitometric quantiﬁ-
cation of a1 protein content in membrane fraction of HBLs (hollow
bars). Densitometric values for each band were obtained after the
baselines were subtracted from the lane proﬁle prior to calculating the
volume in each line as described in Section 2. The data are means of six
independent experiments. Data are normalized to the mean control
values (resting HBLs without any additions), deﬁned as means ± S.E.
(P 6 0.05).
Fig. 4. Na,K-ATPase a1-subunit expression and ouabain-sensitive Rb
inﬂux in HBLs, activated by PDBu and ionomycin, and in T cell
Jurkat. Isolated HBLs were incubated with PDBu (10 nM) alone or
with PDBu and ionomycin (IM, 500 nM) for 24 h. Jurkat cells were
taken for experiments from exponentially growing cultures. The
parallel batches of HBLs and Jurkat cells were taken for both Rb
ﬂux measurements and a1-subunit amount. (A) A representative
Western blot of membrane fractions of HBLs and Jurkat cells. A
constant amount of protein (50 lg/lane) was resolved by SDS–PAGE,
blotted onto nitrocellulose membrane and Na,K-ATPase a1-subunit
immunoreactivity was determined as described in Section 2. (B) The
densitometric quantiﬁcation of a1 protein content (hollow bars) and
the ouabain-sensitive Rb inﬂuxes (gray bars). The data are means of
three independent experiments. All the data are normalized to mean
control values (resting HBLs without any additions), deﬁned as
means ± S.E. (P 6 0.05).
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ished an increase in the a1 protein content by 50–60% (Figs.
3 and 5). The incomplete inhibition of the Na,K-ATPase a1-
subunit expression appears to be due to the additional signal-
ling pathway of IL-2 gene expression. It was shown that in the
presence of CsA, in PHA-activated HBLs NFAT could be
activated and some level of IL-2 expression and cell prolifera-
tion could be produced via CsA-resistent pathway [30].
During the late G0/G1/S transition, an increase in the a1 pro-
tein content was found to be parallel to a delayed, sustained
increase in ouabain-sensitive Rb inﬂuxes. Altogether, the re-
sults from 15 independent experiments on HBLs, activated
by either PHA or PDBu and ionomycin, or IL-2 showed that
the long-term rise in ouabain-sensitive Rb inﬂuxes correlated
with the late increase of a1-subunit content. In contrast, at
early time points of stimulation (2–5 h) an increased Rb inﬂux
was not associated with any changes in a1 protein amount(Fig. 3). The parallelism between the increase of the a1 content
and of the ouabain-sensitive ﬂuxes in late activated HBLs sug-
gests that the elevated Na/K pump function during cell cycle
progression might result from an increased expression of
Na,K-ATPase proteins. It is to be emphasized that in all the
experiments performed the relative changes in the a1 protein
content were much more pronounced than the changes in the
ouabain-sensitive Rb inﬂuxes. These observations can indicate
that the high intracellular pool of a1 protein in blasts is not
completely used for the assembly of the plasma membrane
functional Na/K pumps.4. Discussion
In recent years, we have revealed that the transition of
PHA-activated human lymphocytes from resting state to pro-
liferation is accompanied by a sustained increase in ouabain-
sensitive K ﬂuxes, which is closely related to a CsA-sensitive
step of lymphocyte activation [29]. Our present study extends
these observations and shows that in activated HBLs, the
long-term activation of the Na/K pump is closely associated
Fig. 5. IL-2-induced changes in Na,K-ATPase a1-subunit expression
and ouabain-sensitive Rb inﬂuxes in HBLs. One batch of isolated
HBLs was incubated in the presence of submitogenic PHA (0.8 lg/ml)
for 24 h and then stimulated by IL-2 (100 U/ml) for the next 24 or 48 h,
whereas another batch of cells from the same donor was stimulated by
mitogenic PHA (10 lg/ml) in the absence or in the presence of CsA for
48 h. The Na,K-ATPase a1-subunit was detected by Western blotting
and the ouabain-sensitive Rb inﬂuxes were determined as described in
Section 2. (A) A representative Western blot of membrane fractions of
competent HBLs activated by IL-2 and of normal HBLs activated by
PHA in the absence or in the presence of CsA (1 lg/ml). A constant
amount of protein (75 lg/lane) was resolved by SDS–PAGE, blotted
onto nitrocellulose membranes and Na,K-ATPase a1-subunit immu-
noreactivity was determined as described in Section 2. (B) The
densitometric quantiﬁcation of a1 protein content (hollow bars, right
axis) and the ouabain-sensitive Rb inﬂuxes in parallel batches of cells
from the same donors (gray bars, left axis). Data for a1 protein are
normalized to the mean control values (resting HBLs without any
additions). Ouabain-sensitive Rb inﬂuxes were calculated per amount
of protein in each sample analyzed. The data are means of six
independent experiments, deﬁned as means ± S.E. (P 6 0.05).
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time, we observed an increase in the Na,K-ATPase a1-subunit
protein content in the middle/late part of the G0/G1/S transi-
tion. It is suggested that the increased expression of Na,K-
ATPase proteins may be responsible for the long-term, prolif-
eration-related Na/K pump upregulation.
In various cells, hormones and growth-promoting factors
have been well established to induce rapid changes in theactivity of ion transporters of plasma membrane, including
Na/K pump. The rapid and transient modulations of ﬂuxes
via Na/K pump are mainly provided by alterations of the
activity of the individual pumps due to elevated Nai. It is well
established that mitogens stimulate Na inﬂux in most resting
cells through Na/H exchange and increase Nai for the ﬁrst
minutes [7–9,31]. In addition to Nai-dependent mechanism,
some signalling molecules that are induced in cells as a result
of growth factor receptors activation are able directly
inﬂuence the Na,K-ATPase by changing the phosphorylation
of catalytic a1-subunit of enzyme. It has recently been shown
that a1-isoform can be phosphorylated by cAMP- and
cGMP-dependent protein kinases, by Ca-phospholipid-depen-
dent protein kinase, and by tyrosine kinase [4–6,32–34].
Depending on the cell type and signal, the phosphorylation
of Na,K-ATPase may lead either to exocytosis of silent
pumps from internal stores to the cell membrane or to endo-
cytosis of active pump molecules from the cell membrane into
clatrin vesicles. Recruitment of new molecules from internal
pool was earlier proposed for upregulation of the Na/K pump
(determined as an increase of 3[H]ouabain-binding sites) for
the ﬁrst 5 h of pig lymphocyte activation by Con A [31].
We suggest that mechanisms of the kind might participate
in the ion pump regulation during the early G0/G1 transition,
before cell enlargement and blastogenesis, i.e., for the ﬁrst
hours activation by PHA, PDBu and ionomycin. Indeed, at
early time points of stimulation an increased Rb inﬂux was
not associated with any changes in a1 protein amount. As
shown earlier, in activated HBLs, all these mechanisms of
the early pump regulation are independent of new protein
synthesis [15].
For the last few years, several authors have reported a sus-
tained, cell cycle-dependent activation both of ion transporters
and of ion channels in various cell types [35–38]. In most stud-
ies, a direct correlation between the activity of ion-transporting
pathways and the cell cycle progression have been demon-
strated, thus, indicating a possible involvement of ion trans-
port in cell cycle regulation. Cell transformation and cell
growth is also associated with elevated activity of Na/K/Cl
and K/Cl cotransporters [39,40].
As to the human lymphocytes, the functional expression of
calcium-release-activated Ca2+ (CRAC) and calcium-activated
K+ (IKCa1) channels was revealed in activated T cells: the
channel density was shown to increase for the second day of
T cell activation by PHA, anti-CD3 Ab, phorbol ester
(PMA), or the combination of PMA and ionomycin [41,42].
Moreover, selectively blocking IKCa1 channels suppressed
mitogenesis of activated HBLs to indicate thereby that upreg-
ulation of potassium channels was essential for continued T
cell proliferation. Our present study demonstrates that in acti-
vated HBLs, IL-2-dependent progression is accompanied by a
parallel increase both in the pump-mediated K inﬂuxes and in
the Na,K-ATPase a1-subunit amount. The elevated Na,K-
ATPase a1 protein content is likely to translate the increased
Na/K pump function. In this connection, our preliminary stud-
ies have shown the number of [3H]ouabain-binding sites to rise
after the 48-h stimulation of HBLs by PHA or PDBu and ion-
omycin [43]. Together our studies suggest that in the course of
development of T cell response, the long-term regulation of
ouabain-inhibitable K transport may be provided by the in-
creased number of the Na,K-ATPase pumps of plasma mem-
brane.
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ing T cell activation may play a role in the proliferative re-
sponse of cell. The parallel enhancement of IKCa1 and
CRAC channels might allow the activated cell to regulate
the membrane potential in response to mitogen-induced
changes in intracellular calcium concentration, which in turn
would modulate calcium entry [41,42]. Functional expression
of the Na/K pump and the increased K inﬂux may be essential
for cell growth and the development of T cell response. Being
responsible for the maintenance of electrochemical Na and K
gradients in cell, the Na,K-ATPase pump plays an important
role in regulation of cytoplasmic pH, intracellular calcium level
and provides the driving force for the ion-coupled secondary
transport of essential nutrients.
The mechanisms that control the ion-transporting machin-
ery during cell cycle are purely investigated. The cell cycle-
dependent regulation of the ion transport is more likely to
be mediated by long-term mechanisms such as the transcrip-
tionally and possibly also the post-transcriptionally mediated
induction of transport proteins. Transcriptional control has
been found to underlie the IKCa1 channel upregulation during
the T cell activation [42]. An increase in the level of b1 Na,K-
ATPase mRNA for the ﬁrst 24 h of HBLs activation by PHA
has recently been reported [44]. It was also found that serum
and ﬁbroblast growth factor transcriptionally regulated the
Na,K-ATPase gene expression in vascular smooth muscle cells
[45]. Whether the growth-associated upregulation of Na/K
pump in HBLs is provided by transcriptional mechanism is
to be investigated.
In conclusion, the action of growth factors and cytokines is
mediated by the transcriptional regulation of hundreds of
genes, which trigger a resting cell towards the division cycle
[46]. In addition, to transform the growth-promoting signals
into a complicated cellular response, many events at the phys-
iological level should occur. Thus, the upregulation of ion-
transporting machinery in activated T cells may be essential
factor for cell proliferation and the development of immune re-
sponse. The question remains as to how the mechanisms con-
trolling the cell cycle-regulated expression of transport
proteins are related to the multiple signalling pathways in
mitogen-induced cell.
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